Background/Objective: Elevated pulse wave velocity (PWV) and central aortic blood pressures are independent predictors of increased cardiovascular morbidity and mortality in hemodialysis (HD) patients. Oxalic acid is a uremic retention molecule that is extensively studied in the pathogenesis of calcium oxalate stones. Oxalobacter formigenes , a member of the colon microbiota, has important roles in oxalate homeostasis. Data regarding the colonization by and the exact role of O. formigenes in the pathogenesis of oxalic acid metabolism in HD patients are scant. Hence, we aimed to determine the relationship between fecal O. formigenes colonization, serum oxalic acid and hemodynamic parameters in HD patients with regard to the colo-reno-cardiac axis. Methods: Fifty HD patients were enrolled in this study. PWV and central aortic systolic (cASBP) and diastolic blood pressures (cADBP) were measured with a Mobil-O-Graph (I.E.M. GmbH, Stolberg, Germany). Serum oxalic acid levels were assessed by ELISA, and fecal O. formigenes DNA levels were isolated and measured by real-time PCR. Results: Isolation of fecal O. formigenes was found in only 2 HD patients. One of them had 113,609 copies/ml, the other one had 1,056 copies/ml. Serum oxalic acid levels were found to be positively correlated with PWV (r = 0.29, p = 0.03), cASBP (r = 0.33, p = 0.001) and cADBP In multivariate linear regression analysis, PWV was independently predicted by oxalic acid, glucose and triglyceride. Conclusions: This is the first study that demonstrates the absence of O. formigenes as well as a relation between serum oxalic acid and cASBP, cADBP and PWV in HD patients. Replacement of O. formigenes with pre-and probiotics might decrease serum oxalic acid levels and improve cardiovascular outcomes in HD patients.
Introduction
Cardiovascular diseases (CVDs) are still the leading cause of morbidity and mortality in chronic kidney disease (CKD) patients receiving hemodialysis (HD) [1] . Many traditional and nontraditional novel risk factors including inflammation, endothelial dysfunction, vascular calcification and oxidative stress have been identified; however, the death rates from CVDs remain fivefold higher among HD patients than in the general population [2] . In this regard, Evenepoel et al. [3] suggested alternative uremic toxins originating from the degradation products of gut microbiota to explain this heightened morbidity and mortality from CVDs in CKD patients. Among them, p -cresol sulfate and indoxyl sulfate were the most commonly studied uremic retention molecules (URMs) [4, 5] . Oxalic acid is another exogenous URM that is extensively studied in the pathogenesis of calcium oxalate stone formation in patients with idiopathic primary hyperoxaluria [6, 7] . Mounting evidence demonstrates that colonic microbiota including Oxalobacter formigenes had important roles in oxalate homeostasis, and colonization by these bacteria was found to be closely associated with a reduced prevalence of oxalate stones in the general population [8, 9] . However, in the literature, data regarding the colonization by and the exact role of O. formigenes in the pathogenesis of oxalic acid metabolism in HD patients are scant.
We hypothesized that degradation of oxalic acid might be insufficient in HD patients because of undercolonization of their colon by O. formigenes [10] . To test this hypothesis, we aimed to determine the quantity of O. formigenes in the feces of HD patients as well as the serum oxalic acid levels. We suggest that increased oxalic acid levels might be associated with endothelial dysfunction and aortic stiffness, both of which are commonly seen in HD patients [11] . Measuring pulse wave velocity (PWV) is accepted as a reliable means of determining aortic stiffness [12] . Hence, we also sought to investigate the relationship between pulse wave analysis, central aortic blood pressure measurements and serum oxalic acid and other parameters in this population.
Subjects and Methods

Study Population
The study protocol was approved by the Medical Ethics Committee of Erzincan University (Mengucek Gazi Training and Research Hospital, Erzincan, Turkey). Written informed consent was obtained from all the subjects included in this study. This was a cross-sectional trial involving 50 ESRD patients (23 women, 27 men; mean age: 62 ± 14.9 years) who had received HD for ≥ 6 months in the dialysis unit of Erzincan University between May and July 2014.
Patients aged 18-70 years willing to participate in the assessment of PWV were screened. A review of their medical records (including information on age, gender, weight, duration of renal replacement treatment, medications and primary disease of ESRD) was undertaken. The exclusion criteria were: (1) primary hyperoxaluria; (2) active infection; (3) antibiotic usage in the previous 3 months; (4) utilization of calcium-and non-calcium-containing phosphate binders; (5) bisacodyl usage, and (6) use of pyridoxine and ascorbic acid replacement. Ninety-two HD patients were evaluated, and 42 patients were excluded from the study. Of these 42 patients, 2 patients had primary hyperoxaluria, 4 had active infections, 8 used antibiotics, 25 used calciumand non-calcium-containing phosphate binders, and 3 used bisacodyl for chronic constipation. None of our patients used pyridoxine and ascorbic acid replacement. The remaining 50 ESRD patients fulfilled the above criteria and were enrolled in the study. The flow chart showing the screening and enrolment of the HD patients is depicted in figure 1 .
The HD patients were receiving a thrice-weekly dialysis for a 4-hour period with a standard bicarbonatecontaining dialysate bath using a biocompatible HD membrane (Polysulfone, FX-80 series; Fresenius, Bad Homburg, Germany). The dialysate flow rate was 500 ml/min, and the blood flow rates were 250-300 ml/ min. Systolic (SBP) and diastolic blood pressures (DBP) of the patients and healthy subjects were measured in the upright sitting position after 5 min of rest using an Erka sphygmomanometer (PMS Instruments Ltd., Maidenhead, UK) with an appropriate cuff size. Two readings were recorded for each individual. The mean value of the 2 readings was defined as the blood pressure. Patients with an SBP and a DBP of 140 and 90 mm Hg, respectively, or those who were already on antihypertensive treatment, were assumed to be hypertensive. Twenty-two patients were taking antihypertensive drugs; 8 of them were on angiotensin-converting enzyme inhibitors, 4 were receiving angiotensin II receptor blockers, and 10 were receiving a calcium channel blocker.
Biochemical Analyses
Venous blood samples for biochemical analyses were drawn before the midweek session in patients receiving HD. All biochemical analyses, including those of total cholesterol, LDL cholesterol, HDL cholesterol and plasma triglyceride concentrations, were undertaken using an oxidase-based technique of the Roche/ Hitachi Modular System (Roche Diagnostics, Mannheim, Germany) in the Central Biochemistry Laboratory of the Mengucek Gazi Training and Research Hospital of Erzincan University.
Measurement of Serum Oxalic Acid Levels
Serum oxalic acid was measured with a commercially available kit (SunRed Biological Technology; serial No. 201-12-2153) using the human oxalic acid ELISA method. The intra-assay coefficient of variation was <10%, and the interassay coefficient of variation was <12%, as provided by the manufacturer.
Determination of O. formigenes in Feces
Fresh fecal samples were collected from all HD patients and stored at -20 ° C before DNA isolation was performed. DNA was extracted from the samples using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, Calif., USA) according to the manufacturer's instructions.
After DNA isolation, quantification of O. formigenes was performed by real-time PCR with the Advanced Kit manufactured by Primer Design Ltd. (Rownhams, UK) and was analyzed with Rotor-Gene Q (Qiagen, Hilden, Germany). Reactions were carried out in accordance with the manufacturer's instructions. To prepare a standard curve, serial dilutions of positive controls were performed. 
PWV and Central Aortic Blood Pressure Measurements
Vascular studies were performed in a quiet, temperature-controlled room with the subjects resting in a supine position. Central aortic systolic (cASBP) and diastolic blood pressures (cADBP) were measured in duplicate using a semiautomated, noninvasive oscillometric sphygmomanometer following a 10-min rest period. PWV was measured with a Mobil-O-Graph 24-h PWA Monitor, an automatic oscillometric device (I.E.M. GmbH, Stolberg, Germany) in accordance with the manufacturer's recommendations.
Statistical Analyses
All statistical analyses were performed using SPSS 15.0 (SPSS Inc., Chicago, Ill., USA). Continuous variables were tested for normal distribution by the Kolmogorov-Smirnov test. Continuous variables with normal distribution are presented as means ± SD. Median values are used where a normal distribution was absent. Statistical analysis for the parametric variables was performed using Student's t test between two groups. The Mann-Whitney U test was used to compare nonparametric variables between two groups. Qualitative variables are given as percentages, and the correlation between categorical variables was investigated using the χ 2 test. Linear associations between continuous variables were assessed using the Spearman correlation test. Multivariate linear regression analyses were undertaken to determine independent associations between PWV and other variables. Serum glucose, urea, albumin, triglyceride, oxalic acid and NLR were entered into the regression model as independent variables, and PWV was entered as a dependent variable. The backward elimination method was preferred in the stepwise regression analysis, and p > 0.1 was used as a criterion for elimination in this model. At the end of the fourth step, three variables (oxalic acid, triglyceride and glucose) remained statistically significant in the model. p < 0.05 was considered significant for all tests.
Results
The baseline characteristics as well as laboratory parameters of the 50 HD patients are presented in tables 1 and 2 . The etiologies of ESRD were diabetic nephropathy (n = 17), hypertensive nephropathy (n = 15), chronic glomerulonephritis (n = 6), polycystic kidney disease (n = 2) and unknown (n = 10).
Isolation of fecal O. formigenes was found in only 2 HD patients. One of them had 113,609 copies/ml, the other one had 1,056 copies/ml. Data are presented as means ± SD unless specified otherwise. BMI = Body mass index. Data are presented as means ± SD. CRP = C-reactive protein; PTH = parathyroid hormone. 
Linear Correlations
In the bivariate correlation analysis, serum oxalic acid levels were found to be positively The independence of multiple correlations was analyzed by multivariate linear regression analyses. Since advanced age as well as SBP and DBP are closely associated with PWV in the general and the HD population, we included glucose, urea, albumin, triglyceride, oxalic acid and NLR in the original model to define the other independent parameters of PWV in HD patients. In all subjects, PWV was independently predicted by oxalic acid, glucose and triglyceride ( table 3 ) .
Discussion
The present study is the first to evaluate the presence/absence of fecal O. formigenes colonization and the relationship between serum oxalic acid, PWV and central hemodynamic parameters in HD patients. There are three main findings. First, we could not isolate fecal O. formigenes in most of the HD patients. Second, serum oxalic acid levels are found to be positively correlated with PWV, cASBP, cADBP and urea and negatively correlated with LDL. Third, PWV was independently predicted by serum oxalic acid, glucose and triglyceride.
Previous studies have demonstrated that both quantitative and qualitative changes regarding the colonic microbiota are observed in HD patients. Anaerobic bacteria including Bifidobacterium , Lactobacillus and Prevotella are decreased, and the numbers of Clostridium perfringens , aerobic enterococci and enterobacteria are increased in HD patients when Step 1: r 2 = 0. 41; adjusted r 2 = 0.33; p = 0.001.
Step 4: r 2 = 0.36; adjusted r 2 = 0.32; p < 0.0001. compared with healthy subjects [13] . The main reasons for these changes include chronic constipation, delayed colonic transit times, decreased consumption of dietary fiber and impairment of protein assimilation in the small intestine secondary to the uremic milieu in HD patients [14] [15] [16] [17] . As a consequence of these changes, the steady state of the colonic microbiota is impaired and the absorption of potentially toxic protein fermentation metabolites such as phenols, indoles, thiols, amines and oxalic acid is increased in these patients. Among others, oxalic acid is one of the least studied uremic toxins in the genesis of endothelial dysfunction and CVDs in HD patients.
O. formigenes , a Gram-negative anaerobic bacterium, both degrades and secretes ingested oxalate via feces in normal circumstances [18] . The latter function is found to be putatively mediated by anion transporter 1 [19] . In this regard, the role of O. formigenes therapy was extensively studied in an animal model of primary hyperoxaluria and in patients with primary hyperoxaluria and calcium oxalate kidney stones [20, 21] . In CKD patients, Hatch et al. [22] found that oxalate secretion is increased via colon-related adaptive mechanisms.
Humans lack the enzymes needed to directly metabolize oxalate; hence, this should be managed using alternative pathways. Although there are huge individual differences, oxalic acid-degrading bacteria are present in the endogenous microbiota of the human intestine. Recently, Mogna et al. [23] demonstrated the potential therapeutic application of some probiotics, mainly Lactobacillus and Bifidobacterium species, in order to reduce hyperoxaluria in vitro using reversed-phase high-performance liquid chromatography. In this study, researchers tested the oxalate-degrading activity of 13 lactobacilli and 5 bifidobacteria, and O. formigenes was used as the positive reference to validate the capability of highperformance liquid chromatography to assess oxalate degradation. They found that Lactobacillus strains were more efficient than bifidobacteria in degrading oxalates. According to the results of this study, the authors concluded that the administration of selected oxalatedegrading probiotics could be an alternative and innovative approach to reducing the intestinal absorption of oxalate and the resulting urinary excretion in the normal population.
Against this background, in the present study, we first of all assessed the colonization of the feces of the HD patients by O. formigenes . Isolation of fecal O. formigenes colonization was found in only 2 HD patients. Although it appears that a large proportion of normal individuals are colonized, there is substantial variation in the reported prevalence in adults. The estimated prevalence of O. formigenes colonization ranged from 40 to 77% in healthy adult subjects from various countries [8] . Prokopovich et al. [24] also showed that the concentrations of O. formigenes ranged from below the limit of detection at 5 × 10 3 to 1.04 × 10 9 cells per gram of stool in the normal population. The logical reasons for this finding include a lowered consumption of pre-and probiotics as well as a diversified colonic flora secondary to the uremic milieu in the colons of HD patients. None of our patients had used antibiotics 3 months prior to sample collection. When we checked the dietary characteristics of the 2 HD patients who had enough O. formigenes colonization, we realized that they regularly consumed 2 bowls of yogurt and/or 1 glass of buttermilk every day. Yogurt, as a probiotic, contains Lactobacillus acidophilus , L. casei and Bifidobacterium . As we have mentioned above, the balance between anaerobic and aerobic microorganisms is impaired in HD patients. Effective probiotics are required to have some impact such as reducing pathogenic adherence, producing bacteriocins antagonistic to pathogen growth or forming a normal, balanced gastrointestinal flora [25, 26] . As an example, the antimicrobial probiotic effects of kefir are noteworthy. Kefir is an acidic, viscous, slightly alcoholic, fermented dairy beverage which is produced by the actions of bacteria and yeast embedded in a resilient, insoluble protein/polysaccharide matrix known as a 'kefir grain' [27, 28] . The organisms in kefir produce many known antimicrobials, including lactic acid, acetic acid, carbon dioxide, hydrogen peroxide, ethanol and diacetyl, as well as antimicrobial peptides such as bacteriocins [27] . In addition, kefir may prove useful in the probiotic area as a delivery system for viable health-promoting organisms to the gut [29] . In this regard, probiotics might rearrange the colonic flora via increasing the numbers of anaerobic microorganisms such as O. formigenes .
Probiotic yogurt might have a positive effect on this balance via increasing the numbers of anaerobic microorganisms including O. formigenes . Recently, Zarrati et al. [30] examined the effects of yogurt on fat distribution and the gene expression of proinflammatory factors in peripheral blood mononuclear cells in overweight and obese individuals. They suggested that probiotic yogurt had synergistic effects on T-cell subset-specific gene expression in mononuclear cells, on the percentage of fat and on body weight in overweight and obese subjects. Since HD patients have low-grade chronic inflammation with high cytokine levels, consumption of probiotics including yogurt and buttermilk might also be beneficial in this regard, although these patients should be wary of any development of hypercalcemia.
In recent years, the importance of the colo-renal axis in the progression of CKD has been underlined [3, 31, 32] . We also suggest that the relation between colon and kidney may influence cardiovascular outcomes in this population. It has been well established that cASBP, cADBP and pulse pressure are different from corresponding peripheral pressures as a consequence of progressive changes in arterial stiffness and pressure wave reflections along the arterial tree in healthy subjects. There is also evidence indicating that cASBP and cADBP are subjected to greater changes than peripheral pressures, which makes them closely related to cardiovascular damage. Hence, central blood pressures may be of higher clinical importance than peripheral pressures [33] . In addition, there is mounting evidence suggesting that monitoring of cASBP and cADBP as well as their cardiovascular relevance gain importance in the CKD population [34] . In the present study, we preferred to use the Mobil-O-Graph blood pressure device, which has been validated to estimate central hemodynamic parameters via measuring brachial oscillometric blood pressure waves noninvasively [35] . In this regard, we determined the central blood pressures as well as the relation of these parameters with serum oxalic acid and other parameters. Serum oxalic acid levels were found to be positively associated with both cASBP and cADBP as well as with peripheral SBP and DBP. These results confirm the importance of the colo-reno-cardiac axis in this population.
Aortic stiffness, as measured by carotid, femoral and aortic PWV, has been shown to be an independent predictor of cardiovascular morbidity and mortality in HD patients [36] . Hence, we preferred to determine PWV of HD patients as a direct measure of aortic stiffness, central hemodynamic parameters and the relation between serum oxalic acid and these parameters in the present study. We demonstrated that serum oxalic acid, glucose and urea levels were found to be positively correlated with PWV. In addition, PWV was independently predicted by serum oxalic acid, glucose and triglyceride, implying that arterial stiffness might be partially mediated by oxalic acid in HD patients. These results confirmed that oxalic acid might be considered an important URM in the pathogenesis of worse cardiovascular outcomes in HD patients.
Previous studies have demonstrated that serum oxalic acid cannot be effectively removed via HD [37, 38] . Moreover, Costello et al. [39] had monitored plasma oxalate levels and oxalate removal rates in HD patients for approximately 2.5 years. Interestingly, they showed that plasma oxalate levels rose despite increased oxalate removal in these patients. France et al. [38] had similar results, and they concluded that dialysis treatment might stimulate the formation of oxalate by removing the product inhibition of lactate dehydrogenase in this population. To date, besides renal transplantation, HD is the most preferred renal replacement therapy to remove uremic toxins. Modulation of colonic microbiota by consuming pre-or probiotics or by targeting the adsorption of toxic end products of microbial fermentation by adsorbents containing spherical carbon particles, such as AST-120, might be wise in CKD patients.
An alternative way to reduce serum oxalic acid levels in CKD patients might be to use phosphate binders including sevelamer hydrochloride. Besides its intestinal phosphate binding activity, in vitro studies showed promising results regarding the absorptive activity of sevelamer in uremic retention molecules including indole and p -cresol [32] . However, these effects have not been confirmed in either experimental CKD models of mice [40] or clinical studies in HD patients [41] . In the present study, we excluded those patients using calcium and non-calcium-containing phosphate binders to avoid any possible absorptive effects of these drugs on serum oxalic acid levels.
The present study has some limitations. First, this was a cross-sectional analysis of HD patients focusing on the relationship between serum oxalic acid, central hemodynamic parameters and PWV. Second, the sample size was relatively small. Third, there might be intra-and interstool sample variability in the amount of O. formigenes measured by realtime PCR. This was not a prospective controlled study, thus we cannot deduct any causeand-effect relationships from our findings.
Conclusions
This is the first study that demonstrates the absence of fecal colonization by O. formigenes as well as a relation between serum oxalic acid and cASBP, cADBP and PWV in HD patients. Uremic retention molecules are implicated in the uremic syndrome. There are many missing pieces in the puzzle; however, in the light of the findings of this study, replacement of O. formigenes with probiotics such as natural products might decrease serum oxalic acid levels and improve cardiovascular outcomes in HD patients. Further clinical and experimental studies are needed to confirm our results.
